Hypothalamic kisspeptin (Kiss1) neurons express estrogen receptor ␣ (ER␣) and exert control over GnRH/LH secretion in female rodents. It has been proposed that estradiol (E 2 ) activation of ER␣ in kisspeptin neurons in the arcuate nucleus (ARC) suppresses GnRH/LH secretion (negative feedback), whereas E 2 activation of ER␣ in kisspeptin neurons in the anteroventral periventricular nucleus (AVPV) mediates the release of preovulatory GnRH/LH surges (positive feedback). To test these hypotheses, we generated mice bearing kisspeptin cell-specific deletion of ER␣ (KER␣KO) and treated them with E 2 regimens that evoke either negative or positive feedback actions on GnRH/LH secretion. Using negative feedback regimens, as expected, E 2 effectively suppressed LH levels in ovariectomized (OVX) wild-type (WT) mice to the levels seen in ovary-intact mice. Surprisingly, however, despite the fact that E 2 regulation of Kiss1 mRNA expression was abrogated in both the ARC and AVPV of KER␣KO mice, E 2 also effectively decreased LH levels in OVX KER␣KO mice to the levels seen in ovary-intact mice. Conversely, using a positive feedback regimen, E 2 stimulated LH surges in WT mice, but had no effect in KER␣KO mice. These experiments clearly demonstrate that ER␣ in kisspeptin neurons is required for the positive, but not negative feedback actions of E 2 on GnRH/LH secretion in adult female mice. It remains to be determined whether the failure of KER␣KO mice to exhibit GnRH/LH surges reflects the role of ER␣ in the development of kisspeptin neurons, in the active signaling processes leading to the release of GnRH/LH surges, or both. (Endocrinology 156: 1111-1120, 2015) O vulatory cyclicity in mammals is maintained by the stimulatory and feedback actions of hormonal signals within the hypothalamic-pituitary-gonadal axis. Hypothalamic neurosecretion of GnRH stimulates release of the pituitary gonadotropins, LH and FSH, which circulate to control ovarian folliculogenesis and steroidogenesis. In turn, ovarian steroids exert critically important feedback actions in the hypothalamus and anterior pituitary gland to control the cyclical release of GnRH and the gonadotropins. Negative feedback effects of estradiol (E 2 ) and progesterone prevail throughout most of the ovulatory cycle to maintain restraint of GnRH and gonadotropin secretion. As the cycle progresses, maturing ovarian follicles produce a surge of E 2 , evoking a positive feedback
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vulatory cyclicity in mammals is maintained by the stimulatory and feedback actions of hormonal signals within the hypothalamic-pituitary-gonadal axis. Hypothalamic neurosecretion of GnRH stimulates release of the pituitary gonadotropins, LH and FSH, which circulate to control ovarian folliculogenesis and steroidogenesis. In turn, ovarian steroids exert critically important feedback actions in the hypothalamus and anterior pituitary gland to control the cyclical release of GnRH and the gonadotropins. Negative feedback effects of estradiol (E 2 ) and progesterone prevail throughout most of the ovulatory cycle to maintain restraint of GnRH and gonadotropin secretion. As the cycle progresses, maturing ovarian follicles produce a surge of E 2 , evoking a positive feedback action on the hypothalamus that culminates in the stimulation of a preovulatory GnRH surge, followed by an LH surge. Failure of either feedback mechanism is invariably associated with impaired or absent ovulatory cyclicity and sub-or infertility. Estrogen receptor ␣ (ER␣) mediates most these feedback actions in rodents (1) (2) (3) (4) , yet the specific cell populations and neural circuitries in which these receptors convey these effects remain uncertain.
The scarcity of ER␣ in GnRH neurons (5, 6) suggests that E 2 governs GnRH neurosecretion by targeting ER␣-expressing cells in afferent circuitries, such as those that express the potent GnRH secretagogue, kisspeptin. Kisspeptin is mainly expressed in the arcuate (ARC) and anteroventral periventricular (AVPV) nuclei in the rodent hypothalamus, neural regions shown to be critically important sites for E 2 -mediated negative (7, 8) and positive (9 -12) feedback, respectively, on GnRH secretion. Suggestive of kisspeptin's involvement in both feedback mechanisms, E 2 acts through ER␣ to inhibit kisspeptin expression in the ARC and stimulate it in the AVPV (13) . In addition, both E 2 -mediated inhibition of kisspeptin expression in the ARC and GnRH/LH secretion work through nonclassical, estrogen response element (ERE)-independent ER␣-signaling pathways, whereas both E 2 -mediated stimulation of kisspeptin expression in the AVPV and GnRH/LH surges require classical, ERE-dependent ER␣-signaling pathways (14, 15) . The foregoing findings, taken together with the observations that, in female rodents, most kisspeptin neurons in both the ARC and AVPV coexpress ER␣ (13) , has prompted several groups to propose the hypotheses that i) E 2 mediates its negative feedback effects by inhibiting kisspeptin release from the ARC to suppress GnRH secretion, and ii) E 2 mediates its positive feedback effects by stimulating kisspeptin release from the AVPV to induce the generation of a GnRH surge (13, 16) .
Implicit in the foregoing model is the idea that feedback actions of E 2 are conveyed via ER␣ in kisspeptin neurons. However, there is currently no evidence demonstrating that E 2 -mediated ER␣ signaling in ARC and AVPV kisspeptin neurons is integral to the control of kisspeptin expression or negative or positive feedback regulation of GnRH, and therefore, LH secretion. Here, we use a mouse model in which ER␣ is selectively ablated in kisspeptin cells to address these questions. We show that ER␣ expression in kisspeptin neurons is required for both stimulation of Kiss1 mRNA expression and the positive feedback regulation of GnRH/LH surges. Although we also find that ER␣ in kisspeptin neurons is required for suppression of Kiss1 mRNA expression in the ARC, we demonstrate that negative feedback effects of E 2 on GnRH/LH secretion can be exerted through mechanisms that operate independently of ER␣ in kisspeptin neurons.
Materials and Methods

Animals
Mice were housed in animal facilities located at either Northwestern University (Evanston, Illinois) Adult female mice were anesthetized by isoflurane inhalation and bilaterally ovariectomized (OVX). Each animal received one Silastic capsule (0.058" inner diameter, 0.077" outer diameter; 1.5 cm in length with each end plugged with Silastic medical grade adhesive) filled to an effective length of 1.0 cm with sesame oil (vehicle) or E 2 dissolved in sesame oil (1 mg/mL) placed sc under one flank. Mice were anesthetized 7 days (1 week) after OVX between 8:00 AM-12:30 PM, blood was withdrawn by cardiac puncture and plasma stored at Ϫ20°C for hormone assays. Brains were rapidly removed, fresh frozen, and processed for in situ hybridization (ISH) procedures (n ϭ 6 -12 per group).
Experiment 2: Evaluation of E 2 -mediated negative feedback effects on LH levels after long-term OVX Long-term (Ͼ 2 weeks) OVX increases LH to significantly higher levels than after short-term OVX (18 Adult female mice were anesthetized and OVX as in Experiment 1. Each animal received one VWR Select Silicone capsule (0.04" inner diameter, 0.085" outer diameter) containing crystalline E 2 dissolved in Silastic medical grade adhesive (0.1 mg/ mL) placed sc under one flank. The length of each capsule varied such that each animal received 1 g E 2 /20 g body weight (1 g E 2 /1.0 cm of capsule). Six days after OVX between 10:00 -10:10 AM, mice were injected sc with either sesame oil (vehicle) or E 2 benzoate (EB; Sigma; 1 g in 0.1 mL sesame oil) to mimic increasing E 2 levels that precede the preovulatory GnRH/LH surge. After lights off the following evening between 7:10 -7:30 PM, mice were anesthetized, blood was withdrawn by cardiac puncture, and plasma stored at Ϫ20°C for hormone assays (n ϭ 6 -8 per group). Surge levels of LH were defined as plasma LH levels greater than 2 SDs from the mean LH level of vehicletreated mice of the same genotype (19) .
Experiment 4: Evaluation of pituitary sensitivity to E 2 and pituitary responsiveness to GnRH
Adult female mice were anesthetized and OVX as in Experiment 1. Each animal received one Silastic capsule (same as Experiment 1) filled to an effective length of 1.0 cm with E 2 dissolved in sesame oil (1 mg/mL) placed sc under one flank. Six days after OVX between 10:00 -11:00 AM, mice were injected sc with either sesame oil (vehicle) or EB (1 g in 0.1 mL sesame oil). The following morning between 8:00 -10:30 AM, mice were injected sc with saline (vehicle) or GnRH (Sigma; 200 ng/kg body weight in 0.1 mL saline) and anesthetized 10 minutes postinjection (20) . Blood was withdrawn by cardiac puncture and plasma stored at Ϫ20°C for LH assay (n ϭ 9 -11 per group).
Hormone assays
Hormone assays were performed at Northwestern University (Experiment 1; Evanston, Illinois), or at the University of Virginia Center for Research in Reproduction Ligand Assay and Analysis Core (Experiments 2-4, Charlottesville, Virginia). Hormone levels that were undetectable were recorded to be the lower limit of detection of the associated assay.
Plasma from mice studied in Experiment 1 was assayed for LH using RIA reagents obtained from the National Institute of Diabetes and Digestive and Kidney Diseases, including the LH reference (RP-3) and S-11 antibody. The assay had a lower limit of detection of 0.2 ng/mL. The intra-assay and interassay coefficients of variation (CVs) were 4.1% and 7.9%, respectively. Plasma from mice studied in Experiments 2-4 was assayed for LH using the mouse LH sandwich assay. The assay had a lower limit of detection of 0.04 ng/mL and an intra-assay CV of 6.4%. E 2 measurements from mice studied in Experiments 1 and 3 were performed using an ELISA kit (Calbiotech). The assay had a lower limit of detection of 3.0 pg/mL and an intra-assay CV of 6.0%.
ISH for Kiss1 mRNA
Coronal brain sections (20 m) were prepared using a cryostat. Sections were collected in two series from the rostral border of the diagonal band of Broca through the premammillary nucleus, thawmounted onto gelatin-subbed slides, and stored at Ϫ80°C.
The plasmid containing the cDNA used to generate the riboprobe to detect Kiss1 mRNA was generously provided by Dr Robert Steiner, University of Washington, and was described previously (16) . Antisense Kiss1 probe was transcribed from 1.8 g linearized plasmid in an in vitro reaction containing 250 Ci 33 P-UTP (PerkinElmer), 2.5mM each ATP, CTP, and GTP, 16 U T7 RNA polymerase (Promega), 60 U RNAsin (Promega), 10mM dithiothreitol (DTT), and transcription buffer (Promega). Residual DNA was digested with 1 l RQ1 DNase (Promega). The probe was purified and quantified using a scintillation counter.
All slides (AVPV and ARC) were processed together. Sections were postfixed in 4% paraformaldehyde for 5 minutes, washed in phosphate buffered saline, acetylated with 0.25% acetic anhydride in 0.1M triethanolamine for 10 minutes, rinsed in 1ϫ standard saline citrate (SSC), dehydrated with graded alcohols, delipidated in chloroform for 5 minutes, dehydrated again, and air-dried. 33 P-UTP labeled probe was mixed with 5 l/100 l salmon sperm DNA (Sigma) in buffer containing 10mM Tris, 1mM EDTA, and 10mM DTT, heat denatured, and then added to hybridization mixture (50% formamide, 10% dextran sulfate, 0.3M NaCl, 10mM Tris, 1mM EDTA, 1ϫ Denhardt's solution, 10mM DTT) for a final probe concentration of 0.05 pmol/mL. Slides were covered with 100 l of probe/hybridization mixture, fitted with silane-coated coverslips, and incubated overnight at 55°C. Slides were washed in 1ϫ SSC for 30 minutes at room temperature, treated with RNase A (Sigma; 20 g/mL in 10mM Tris, 0.5M NaCl, 1M EDTA) for 30 minutes at 37°C, washed in 1ϫ SSC for 30 minutes at room temperature followed by four washes in 0.1ϫ SSC for 15 minutes at 62°C and one wash in 0.1ϫ SSC for 30 minutes at room temperature. Slides were then dehydrated through graded alcohols, air dried, and dipped in Kodak NTB emulsion (Carestream Health) diluted with 0.6M ammonium acetate. Slides were kept at Ϫ20°C for 20 days (AVPV) or 42 days (ARC) until developed (Kodak D-19). Slides were counterstained with 0.2% cresyl violet acetate, dehydrated in graded alcohols, and rinsed in Histo-Clear (National Diagnostics U.S.A.). Coverslips were applied using Permount (Fisher Scientific).
Quantification of Kiss1 mRNA
Two brain regions of interest (AVPV and ARC) were analyzed separately in a blinded fashion. Quantification was performed under dark-field illumination using NIS-Elements Basic Research software (Nikon Instruments). For each animal, eight sections between Bregma 0.38 and Ϫ0.04 were analyzed for the AVPV and eight sections between Bregma Ϫ1.46 and Ϫ2.54 (21) were analyzed for the ARC. All sections were analyzed unilaterally using a region of interest (ROI) drawn manually around the cells expressing Kiss1 mRNA, which were identified as dense clusters of silver grains. The absolute mean signal intensity of the silver grains within the ROI was recorded. The final mean signal intensity was determined for each section by subtracting the average of three background measurements, each the same size as the ROI, from the absolute mean signal intensity.
Statistical analyses
Data are presented as the mean Ϯ SEM. Mann-Whitney U nonparametric tests were performed using R for Mac OS X (The R Foundation for Statistical Computing) to determine statistical significance in Experiment 1. Two-way ANOVA followed by Bonferroni post-hoc tests were performed using Prism 5 for Mac OS X (GraphPad Software) to determine statistical significance in Experiments 2-4. Differences were considered significant when P Ͻ .05.
Results
Experiment 1: Kiss1 mRNA expression and LH response to short-term OVX and E 2 treatment
To determine whether E 2 directly activates ER␣ in kisspeptin neurons to control kisspeptin expression in the hypothalamus, Kiss1 mRNA levels were measured in the ARC and AVPV of OVX WT and KER␣KO mice treated with or without E 2 . In the ARC, Kiss1 mRNA levels did not differ significantly between WT and KER␣KO vehicletreated mice 7 days after OVX (Figure 1) . Although E 2 treatment significantly suppressed Kiss1 mRNA to undetectable levels in WT mice (P Ͻ .001), it had no effect on Kiss1 mRNA expression in the ARC of KER␣KO mice and Kiss1 mRNA levels remained high in these mice (Figure 1 ). In the AVPV, Kiss1 mRNA levels were low in WT mice and undetectable in KER␣KO mice 7 days after OVX ( Figure  2 ). As seen previously (13, 22) , E 2 treatment significantly increased Kiss1 mRNA to much higher levels in WT mice compared with vehicle-treated WT mice (P Ͻ .001). However, E 2 stimulated only a low level of detectable Kiss1 mRNA expression in KER␣KO mice (P Ͻ .001), which did not differ from basal Kiss1 mRNA levels in vehicle-treated WT mice (Figure 2) .
To examine whether E 2 -mediated negative feedback on GnRH/LH secretion is abrogated in adult KER␣KO mice, plasma LH levels were compared 7 days after OVX in vehicle-and E 2 -treated adult WT and KER␣KO mice. As expected, LH levels were elevated in WT mice after OVX and were significantly decreased with E 2 treatment (P Ͻ .001; Figure 3 ). As seen previously (17) , KER␣KO mice exhibited lower LH levels than WT mice after OVX (P Ͻ .001). Nevertheless, E 2 treatment significantly decreased LH levels to largely undetectable levels in KER␣KO mice (P Ͻ .05; Figure 3) .
Circulating E 2 levels differed between treatment groups. Vehicle-containing capsules resulted in largely undetectable levels of circulating E 2 (Յ 3.0 pg/mL) in both genotypes, whereas E 2 -containing capsules produced similar levels of E 2 in WT and KER␣KO mice (WT: 51.4 Ϯ 6.2 pg/mL; KER␣KO: 50.5 Ϯ 5.4 pg/mL).
Experiment 2: LH response to long-term OVX and E 2 treatment
To examine whether the blunted increase in LH exhibited by KER␣KO mice 7 days after OVX precluded the characterization of some fraction of E 2 -mediated negative feedback in KER␣KO mice, E 2 -mediated negative feedback was tested in a group of mice that underwent longterm (3 weeks) OVX. LH levels in WT mice were significantly elevated 3 weeks after OVX (P Ͻ .001) and were effectively decreased to ovary-intact (sham) levels with E 2 treatment (P Ͻ .001; Figure 4 ). Although KER␣KO mice still exhibited a slightly blunted increase in LH levels 3 weeks after OVX compared with WT mice (P Ͻ .05), E 2 treatment significantly suppressed LH to levels seen in ovary-intact (sham) KER␣KO mice (P Ͻ .05; Figure 4 ). 
Experiment 3: LH surge induction by E 2
To determine whether ER␣ in kisspeptin cells is required for stimulation of E 2 -induced LH surges, adult WT and KER␣KO mice were OVX, treated with E 2 , and given an injection of vehicle or EB 6 days after OVX. After lights off the following evening, 75% (6 of 8) WT mice treated with EB exhibited an LH surge (P Ͻ .01; Figure 5 ), whereas LH levels remained suppressed in all WT mice treated with vehicle. Conversely, EB failed to induce LH surges in KER␣KO mice as LH levels in EB-treated KER␣KO mice did not differ from vehicle-treated KER␣KO mice ( Figure 5) .
Circulating E 2 levels differed between vehicle and EB treatment groups. Vehicle-treated mice exhibited low circulating levels of E 2 (WT: 12.0 Ϯ 2.7 pg/mL; KER␣KO: 13.9 Ϯ 4.1 pg/mL), whereas EB-treated mice of each genotype exhibited higher levels of E 2 (WT: 33.0 Ϯ 5.3 pg/ mL; KER␣KO: 26.8 Ϯ 7.5 pg/mL).
Experiment 4: LH response to exogenous GnRH treatment
To examine whether the results observed in Experiments 1-3 were due to altered pituitary sensitivity to E 2 and/or responsiveness to GnRH, adult WT and KER␣KO mice were OVX, treated with E 2 , and challenged with exogenous GnRH or vehicle 7 days after OVX. In vehicletreated mice of both genotypes, LH levels were low, reminiscent of the E 2 -mediated negative feedback effects seen in Experiments 1 and 2 ( Figure 6 ). Treatment with GnRH significantly elevated LH to similar levels in both genotypes (P Ͻ .001; Figure 6 ), indicating that pituitary sensitivity to E 2 and pituitary responsiveness to GnRH are normal in KER␣KO mice. . E 2 exerts negative feedback effects on LH in long-term OVX WT and KER␣KO mice. Mean plasma LH levels from WT and KER␣KO female mice that were bilaterally OVX and implanted with a capsule containing vehicle (V) or E 2 . Blood was collected 3 weeks after OVX. *, P Ͻ .05; **, P Ͻ .01; ***, P Ͻ .001. All data represented as mean Ϯ SEM. 
Discussion
These studies tested the hypothesis that both positive and negative feedback effects of E 2 on GnRH and LH release are mediated by ER␣ in kisspeptin neurons. Toward this end, we assessed the effect of kisspeptin cell-specific ER␣ ablation on the capacity of E 2 to evoke LH, and presumably GnRH, surges and to suppress basal GnRH/LH secretions. Our findings clearly demonstrate, for the first time, an absolute requirement for ER␣ in kisspeptin neurons in the generation of GnRH/LH surges, but do not lend support for their requisite involvement in negative feedback in adult female mice. Previous studies in gene knockout mice have established that the positive feedback actions of E 2 depend upon activation of neuronal ER␣ (15, 23) and require kisspeptin and its cognate receptor, Kiss1r (19, 24 -27) . In our studies, we demonstrate that normal positive feedback actions of E 2 specifically depend upon ER␣ expression in kisspeptin neurons because E 2 failed to elicit late-afternoon GnRH/LH surges in KER␣KO mice. It is likely that GnRH/LH surges in these animals were entirely eliminated, and not simply altered in timing, given that we previously found that ovary-intact KER␣KO mice exhibit near-complete or complete anovulation (17) .
Although our studies do not distinguish between the hormonal consequences of ER␣ deletion in either the AVPV or ARC kisspeptin neuronal groups, our finding that KER␣KO mice fail to generate GnRH/LH surges while also exhibiting greatly reduced E 2 stimulation of Kiss1 mRNA in the AVPV suggests that ER␣ in AVPV kisspeptin neurons mediates positive feedback in normal animals. Given that E 2 treatment has no effect on AVPV Kiss1 mRNA expression in complete ER␣ knockout (ER␣KO) mice (13, 25) , residual stimulation of Kiss1 mRNA in the AVPV of KER␣KO mice by E 2 may be mediated by upstream ER␣-expressing neurons that transynaptically stimulate Kiss1 mRNA expression. Regardless, the absence of a complete response to E 2 in the AVPV of KER␣KO mice suggests that ER␣ in AVPV kisspeptin neurons is required for the generation of GnRH/LH surges in rodents.
Our findings add to the considerable body of evidence supporting the idea that positive feedback actions of E 2 are mediated by ER␣-expressing kisspeptin neurons in the AVPV. Early lesion studies first established that the AVPV is required for ovulatory cyclicity and the generation of gonadotropin surges (9 -11). The AVPV is sexually dimorphic, with a larger volume in the female associated with the capacity to respond to E 2 -mediated positive feedback actions (28) . Similarly, the kisspeptin neuronal population within the AVPV is enriched at least 10-fold in females vs males (14, 29) , and these neurons are activated coincident with the release of preovulatory GnRH/LH surges (25, 30, 31) . E 2 stimulates Kiss1 gene expression in the AVPV neurons through an ER␣-dependent mechanism (13, 25) , and here we demonstrate that this action is largely mediated by ER␣ in kisspeptin neurons. The importance of these neurons in the generation of preovulatory GnRH/LH surges has been underscored by the existence of direct projections from AVPV kisspeptin to GnRH neurons, which express Kiss1r (32) (33) (34) . Collectively, these observations provide a compelling argument that stimulation of Kiss1 gene expression and positive feedback actions of E 2 on GnRH release are conveyed via activation of ER␣ in kisspeptin neurons located in the AVPV.
The timing of preovulatory GnRH/LH surges in rodents is controlled by a daily neuronal signal, which is conveyed in part from the master circadian clock in the Mean plasma LH levels from female WT and KER␣KO mice that were bilaterally OVX, implanted with a capsule containing vehicle (V) or E 2 , and injected sc with vehicle or EB 6 days after OVX. Blood was collected after lights off (7:10 -7:30 PM) 7 days after OVX. **, P Ͻ .01 compared with V-treated mice. All data represented as mean Ϯ SEM. Figure 6 . Pituitary sensitivity to E 2 and pituitary responsiveness to GnRH are normal in female KER␣KO mice. Mean plasma LH levels from female WT and KER␣KO mice that were bilaterally OVX, implanted with an E 2 -containing capsule, and injected sc with vehicle (V) or exogenous GnRH 7 days after OVX. Blood was collected 10 minutes after vehicle or GnRH injection. ***, P Ͻ .001 compared with Vtreated mice. All data represented as mean Ϯ SEM.
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suprachiasmatic nucleus (SCN) to the AVPV (35, 36) . Disruption of the clock mechanism or interruption of signals in neural pathways from the SCN to the AVPV induces acyclicity and sub-or infertility (9) . Vasopressin is believed to function as a major neurotransmitter link from SCN clock neurons to the AVPV (37-39), and recent studies in rodents have documented that vasopressinergic SCN-AVPV projections target E 2 -sensitive kisspeptin neurons in this region (40, 41) . This vasopressinergic input onto kisspeptin neurons is increased with E 2 treatment (44), which also increases GnRH neuron responsiveness to kisspeptin in a circadian manner (40, 42) . These findings suggest that E 2 acts to maximize the SCN-AVPV kisspeptin-GnRH signal at the time of the preovulatory GnRH surge. Our current observations suggest that E 2 also acts via ER␣ in AVPV kisspeptin neurons to heighten their responsiveness to the incoming circadian signal and allow for the subsequent release of a preovulatory signal to GnRH neurons. E 2 may act on AVPV kisspeptin neurons to enable the release of a preovulatory signal by evoking one or more of several ER␣-mediated transcriptional mechanisms. Similar to E 2 regulation of GnRH/LH surges (15), E 2 -mediated stimulation of Kiss1 gene expression in the AVPV depends upon classical ER␣ transcriptional regulation via binding to EREs (22) . Recruitment of ER␣ to the predicted Kiss1 promoter region to stimulate Kiss1 transcription may be regulated epigenetically by E 2 via decreased histone acetylation of the Kiss1 promoter (43) . Presumably, up-regulation of Kiss1 transcription would increase the releasable synaptic pool of kisspeptin and allow for an enhanced kisspeptin signal to be transimtted to GnRH neurons. In addition to the modulation of kisspeptin expression, E 2 may act through ER␣ in kisspeptin neurons to regulate the expression of ion channels and the magnitude of ionic currents that increase the excitability of AVPV kisspeptin neurons (44, 45) . These actions of E 2 would allow for an increased responsiveness of these neurons to synaptic signals, such as those from the SCN that convey the neural signal for the initiation of the GnRH surge, and a maximal release of kisspeptin at a time when stimulation of GnRH and LH secretion needs to be greatest.
Positive feedback actions of E 2 in adulthood may also depend upon the activation of ER␣ in kisspeptin neurons during development. Previously, using immunohistochemistry, we reported that kisspeptin protein expression is diminished in the AVPV of adult KER␣KO mice when compared with their WT littermates (17) . Here, using ISH, we confirm that Kiss1 mRNA in the AVPV is also significantly reduced in KER␣KO mice, even in the presence of E 2 . Studies of various transgenic mouse models, such as the aromatase knockout (31, 46), hypogonadal (47) , and ER␣KO (13, 23) mice, along with hormone replacement in prepubertal mice (31, 48) , have shown that both ovarian E 2 and neuronal ER␣ are necessary for the normal development of kisspeptin expression in the AVPV. More specifically, the maturation process occurs during a critical period, which precedes postnatal day 9 (P9), to allow for maximal kisspeptin expression in the AVPV of adult female mice (48) . Our results suggest that E 2 acts directly via ER␣ in kisspeptin neurons to allow for normal development of Kiss1 mRNA and protein expression in the AVPV. Thus, the absence of ER␣ in kisspeptin neurons during development may prevent the acquisition of a kisspeptin cell phenotype that can sufficiently produce and release the peptide in response to afferent signals in adulthood. We speculate that ER␣ figures importantly in both the organizational effects of E 2 on kisspeptin neuronal development and the activational effects of E 2 on mature kisspeptin neurons that evoke release of GnRH surges in adult animals. Discernment of the relative importance of these effects in conferring responsiveness to the positive feedback actions of E 2 will require further experiments in animals sustaining temporally controlled kisspeptin cellspecific ER␣ deletions.
Although KER␣KO mice failed to mount LH surges in response to an E 2 challenge, they retained responsiveness to the negative feedback effects of E 2 , albeit against the backdrop of diminished LH levels following OVX. These results demonstrate that negative feedback effects of E 2 can be mediated in their entirety by mechanisms that operate independently of ER␣ in kisspeptin neurons. These other pathways may normally function as part of the negative feedback mechanism in rodents or they may be recruited in a compensatory manner in the absence of ER␣ activation in kisspeptin neurons during development in KER␣KO mice. It is possible that other E 2 -sensitive receptors that are coexpressed with kisspeptin neurons, such as ER␤ (13), have been recruited to regulate E 2 -mediated negative feedback in KER␣KO mice. However, the absence of E 2 -mediated negative feedback in complete ER␣KO mice suggests that this may not be the case. It is also possible that negative feedback effects of E 2 at the level of the gonadotrope are enhanced in KER␣KO mice; however, this does not seem likely as pituitary responsiveness to GnRH stimulation was not found to be altered in the E 2 -treated KER␣KO vs WT mice.
Most E 2 -mediated negative feedback regulation of GnRH/LH secretion is exerted through neurons located in the ARC as a recent study demonstrated that LH secretion is unaffected by chronic (5 days) E 2 treatment in mice sustaining viral vector-mediated ER␣ knockdown in the ARC (49) . Our finding that E 2 inhibits GnRH/LH secretion in KER␣KO female mice despite its inability to sup- press Kiss1 mRNA expression in the ARC suggest that E 2 acts through ER␣ on a pathway(s) independent of kisspeptin neurons in the ARC to inhibit GnRH secretion. These data further support recent electrophysiological evidence showing that ARC kisspeptin neurons exhibit reduced, rather than increased firing rates following OVX, findings that are also inconsistent with the involvement of ER␣ in ARC kisspeptin cells in E 2 -mediated negative feedback (50) . E 2 may exert its negative feedback actions on other ER␣-expressing neurons in the ARC, which then relay the information transynaptically to ARC kisspeptin neurons. However, ablation of almost all kisspeptin neurons in the ARC of adult female rats resulted in a blunted increase in LH levels after OVX that was suppressed to ovary-intact levels after E 2 treatment (51). Together with our findings, these results suggest that although under normal circumstances ER␣ signaling in kisspeptin neurons may be sufficient for E 2 -mediated negative feedback and that redundant negative feedback pathways may exist, E 2 primarily exerts its negative feedback actions in the ARC through a pathway(s) independent of kisspeptin cells. Evidence from electrophysiological studies of GFP-identified GnRH neurons have implicated ␥-aminobutyric acid (GABA)ergic afferents to GnRH neurons in negative feedback (52), whereas others have suggested a role for proopiomelanocortin (POMC)-expressing neurons as targets of E 2 negative feedback actions (53, 54) .
It remains unclear why adult KER␣KO mice exhibit a diminished LH response to OVX. Other models in which kisspeptin, neurokinin B, and/or dynorphin signaling is abrogated also render animals unable to fully respond to a release from negative feedback following OVX (49, 51, (55) (56) (57) . We speculate, as others have, that kisspeptin neurons may be involved in GnRH pulse generation and that the lack of E 2 -mediated ER␣ activation in kisspeptin neurons during development may limit the acquisition of a full pulse-generating cell phenotype. It is not clear why this phenomenon has not been observed in complete ER␣KO mice, but may be due to opposing neuronal influences on GnRH/LH secretion that may be eliminated during development in ER␣KO mice.
Our findings that basal LH secretions are not different among ovary-intact WT and KER␣KO mice stand in contrast with our previous findings that LH levels are elevated in P15 and P25 female KER␣KO mice compared with their age-matched WT counterparts (17) . In that study, we noted that these prematurely elevated LH secretions were associated with precocious vaginal opening, as well as increased kisspeptin gene expression in the medial basal hypothalamus at P25. These data suggested that a prepubertal negative feedback loop mediated by ER␣ in ARC kisspeptin neurons may normally function to restrain GnRH and LH secretion prior to the initiation of puberty. In the previous report (17) and in the current study, however, we also noted that LH levels in peri-pubertal and adult KER␣KO mice are no different from those in WT mice, suggesting a developmental process in which E 2 -mediated negative feedback via ER␣ in kisspeptin cells in prepubertal animals is supplanted by a mechanism independent of kisspeptin neurons in adulthood. These postpubertal mechanisms, which may include GABAergic and/or POMC-expressing neurons, may be engaged through pubertal alterations in cell groups and synaptic circuitries that govern GnRH neuronal activity.
In summary, we show that ER␣ expression in kisspeptin neurons is required for both stimulation (AVPV) and inhibition (ARC) of Kiss1 mRNA expression and the positive, but not negative, feedback regulation of GnRH/LH secretion. These studies clearly demonstrate that the activation of ER␣ in kisspeptin neurons is an obligatory step in the neural mechanisms mediating release of E 2 -induced GnRH and LH surges. Our findings, taken together with those of many previous studies, are consistent with a model for a core neural circuit for the generation of GnRH surges, in which E 2 activates ER␣ in AVPV kisspeptin neurons and thereby confers maximal responsiveness to circadian signals arriving from the SCN for release of the surge; the net result is an appropriately timed activation of AVPV kisspeptin neurons, enhanced release of kisspeptin from afferents to GnRH neurons, and GnRH surge initiation. This model incorporates physiological elements that are known to be essential for release of GnRH surges and does not preclude the serial or parallel modulatory influences shown to be mediated by other ER␣-expressing cell groups, such as the catecholaminergic, GABAergic, glutamatergic, neuropeptide Y-expressing, and POMCexpressing neurons, or the role of ER␣ in kisspeptin neuronal development. Future studies will more precisely define the subcellular pathways by which ER␣ evokes these critically important events in kisspeptin neurons, and thereby integrates neuroendocrine signals that ultimately trigger ovulation.
